In a previous study we showed that pneumococcal adherence to epithelial cells was enhanced by a preceding respiratory syncytial virus (RSV) infection. RSV-glycoproteins, expressed on the infected cell surface, may play a role in this enhanced pneumococcal binding, by acting as bacterial receptors. In the current study, it was attempted to analyze the capacity of pneumococci to interact directly with RSV virions. By flowcytometry, a direct interaction between RSV and pneumococci could be detected. Heparin, an inhibitor of RSV infectivity that interacts with RSV protein-G, blocked RSV-pneumococcal binding, indicating that the latter interaction is indeed mediated by protein-G. RSV-pneumococcal complexes showed enhanced adherence to uninfected human epithelial cells, compared with pneumococcal adherence without bound RSV, and this enhancement was also blocked by heparin. In addition, the significance of these findings in vitro was explored in vivo in a murine model. Both mice that were pretreated with RSV at day 4 before pneumococcal challenge and mice infected with both agents simultaneously showed significantly higher levels of bacteraemia than controls. Simultaneous infection with both agents enhanced the development of pneumococcal bacteraemia most strongly. It was hypothesized that direct viral binding is another mechanism by which RSV can induce enhanced pneumococcal binding to epithelial cells, a phenomenon that is translated in vivo by a higher invasiveness of pneumococci when administered simultaneously with RSV to mice. Apparently, RSV acts in this process as a direct coupling particle between bacteria and uninfected epithelial cells, thereby increasing colonization by and enhancing invasiveness of pneumococci. Clinical and epidemiologic data suggest that respiratory syncytial virus (RSV) infections in humans can be complicated by bacterial superinfection e.g., with Streptococcus pneumoniae, leading to increased morbidity (1-5). Mechanisms underlying bacterial superinfection include virus-induced local destruction of the epithelium, compromising the host's physiologic barrier, and virus-induced modulation of the immune response (6,7).
In a previous study we showed that pneumococcal adherence to epithelial cells was enhanced by a preceding respiratory syncytial virus (RSV) infection. RSV-glycoproteins, expressed on the infected cell surface, may play a role in this enhanced pneumococcal binding, by acting as bacterial receptors. In the current study, it was attempted to analyze the capacity of pneumococci to interact directly with RSV virions. By flowcytometry, a direct interaction between RSV and pneumococci could be detected. Heparin, an inhibitor of RSV infectivity that interacts with RSV protein-G, blocked RSV-pneumococcal binding, indicating that the latter interaction is indeed mediated by protein-G. RSV-pneumococcal complexes showed enhanced adherence to uninfected human epithelial cells, compared with pneumococcal adherence without bound RSV, and this enhancement was also blocked by heparin. In addition, the significance of these findings in vitro was explored in vivo in a murine model. Both mice that were pretreated with RSV at day 4 before pneumococcal challenge and mice infected with both agents simultaneously showed significantly higher levels of bacteraemia than controls. Simultaneous infection with both agents enhanced the development of pneumococcal bacteraemia most strongly. It was hypothesized that direct viral binding is another mechanism by which RSV can induce enhanced pneumococcal binding to epithelial cells, a phenomenon that is translated in vivo by a higher invasiveness of pneumococci when administered simultaneously with RSV to mice. Apparently, RSV acts in this process as a direct coupling particle between bacteria and uninfected epithelial cells, thereby increasing colonization by and enhancing invasiveness of pneumococci. Clinical and epidemiologic data suggest that respiratory syncytial virus (RSV) infections in humans can be complicated by bacterial superinfection e.g., with Streptococcus pneumoniae, leading to increased morbidity (1) (2) (3) (4) (5) . Mechanisms underlying bacterial superinfection include virus-induced local destruction of the epithelium, compromising the host's physiologic barrier, and virus-induced modulation of the immune response (6, 7) .
In addition, enhanced bacterial adherence to virus-infected cells is considered an important factor increasing the risk of bacterial superinfection (8 -11) . In a previous study in vitro, we obtained evidence for such a mechanism. A preceding RSV infection of human respiratory tract epithelium led to significantly enhanced adherence of S. pneumoniae (12) .
The basis of RSV-enhanced pneumococcal adherence is not known. RSV infection both leads to expression of viral glycoproteins and up-regulation of cellular molecules on the hostcell membrane. Both could possibly serve as bacterial receptors, as has been described for Neisseria meningitidis: viral glycoprotein G as well as cellular molecules, like CD 14 and CD18, are involved in enhanced binding of N. meningitidis to RSV-infected cells (13, 14) .
The current study was designed to analyse the possibility that RSV glycoproteins directly interact with pneumococci. Therefore, we tested the binding of RSV to pneumococci and characterized this binding by studying the involvement of several bacterial components. We show here that RSV is capable of direct binding to pneumococci and provide evidence for the involvement of RSV glycoprotein G in this interaction. Finally, we explored the demonstrated synergism between RSV and S. pneumoniae in relation to epithelial cell binding as found in vitro also in vivo in a murine model. To this purpose, we studied the effect of a preceding or concurrent nasal infection with RSV on the kinetics of pneumococcal bacteraemia in mice after respiratory challenge with pneumococci. Table 1 .
MATERIALS AND METHODS

Bacteria
Before testing, an aliquot of stored bacteria was transferred from a microbank bead to blood-agar plates (trypticase soy agar with 5% sheep blood, Becton Dickinson Company, Heidelberg, Germany) and was incubated overnight at 37°C in a CO 2 incubator. The next day, the bacteria were transferred to Todd-Hewitt broth (Difco, Detroit, MI, USA), supplemented with 0.5% yeast extract (THY) and grown by static culture to logarithmic phase (t ϭ 6.5 h) at 37°C in a CO 2 incubator. This culture was spun at 3,270xg (Centrifuge GP8R, International Equipment Company (IEC) Milford, USA) for 15 min. Pelleted bacteria were washed twice in PBS (PBS) alternated by centrifugation at 9,300ϫg during 5 min (Eppendorf centrifuge micromax, International Equipment Company, Milford, USA).
For all in vitro experiments heat-killed (30 min, 56°C) bacteria were used. For cytometric adherence experiments, pelleted, heat-killed bacteria were labelled with saturated FITC (FITC) solution, 0.5 mg/mL in PBS (Sigma Chemical Co., St. Louis, MO, USA), and incubated during one hour at 4°C, whereafter they were washed thrice with PBS. In fluorescence activated cell sorter (FACS) analysis experiments unlabelled, heat-killed pneumococci were used. Finally, all bacterial samples were stored at Ϫ20°C until use. Before testing, the bacteria were suspended in PBS 2ϩ /BSA (BSA) 2.5% (Ca 2ϩ 0.15 mM, Mg 2ϩ 0.5 mM enriched with 2.5% BSA (albumin bovine fraction V, pH 7.0 Serva, Instruchemie, Delfzijl, The Netherlands) to avoid nonspecific binding. The bacteria were further adjusted in a spectrophotometer to a concentration of 10 8 bacteria/mL (ÞOD (OD) 660 nm ϭ 0.1). For the preparation of viable log phase S. pneumoniae stocks, for the use in the in vivo infection experiments, a microbank bead was transferred to blood-agar plates (trypticase soy agar with 5% sheep blood, Becton Dickinson Company, Heidelberg, Germany) incubated overnight at 37°C in a CO 2 incubator. The next day, the bacteria were inoculated in THY and grown by static culture to logarithmic phase for 6,5 h at 37°C in a CO 2 incubator. The culture was centrifuged at 3270ϫg (Centrifuge GP8R, International Equipmant Company, Milford, USA) during 15 min and pelleted bacteria were resuspended and concentrated by adding a small volume of THY containing 10% glycerol. After resuspension, the bacteria were aliquoted for unique use in 150 L vials, by freezing them instantaneously in liquid nitrogen after which they were stored at Ϫ70°C until use. Inoculation densities were determined by making serial dilutions in sterile saline, that were plated on blood agar plates to express colony-forming units (CFU) after overnight incubation at 37°C in a CO 2 incubator.
Respiratory syncytial virus. RSV serotype A (American Type Culture Collection, ATCC VR1302, Manassas, VA, USA) was kindly provided by dr. A. Brandenburg (Department of Clinical Virology, University Medical Center Erasmus, Rotterdam, The Netherlands). An RSV dilution of 1:1000 in 70 mL Iscove's Modified Dulbecco's Medium (IMDM, GIBCO, Paisley, UK) supplemented with hepes (25 mM), 5% fetal calf Serum (HyClone, Utah, USA) and gentamicin 0.01 mg/mL (GibcoBRL, Life Technologies, Paisley, UK) was added to monolayers of HEp-2 cells. Regularly, at day 4 postRSV infection cytopathologic effects (CPE) were detected by microscopic examination and supernatant was replaced by fresh IMDM. After 3 h of incubation at 37°C, supernatant containing RSV was harvested and filtered through a 0.22 m filter. Plaque-forming units (PFU) were counted by the PFU assay according to Dulbecco (17) . Stock aliquots were stored at Ϫ180°C in liquid N 2, containing about 2.4 ϫ 10 7 PFU/mL. Cell culture. HEp-2 human nasopharyngeal carcinoma cells (ATCC: CCL-23, Manassas, VA, USA) and A549 human pneumocyte type II carcinoma cells (ATCC: CCL-185) were used throughout the experiments. Stocks of cellular suspensions were stored at Ϫ180°C in liquid nitrogen.
Tissue culture flasks (Costar, Cambridge, MA, USA), confluently grown with HEp-2 or A549, were washed with PBS. A film of trypsin (GIBCO BRL, Paisley, UK) was added and the mixtures were incubated approximately 10 min at 37°C to detach the cells. Subsequently, IMDM was added. The cell suspension was diluted to approximately 2 ϫ 10 5 /mL and 100 L was seeded in all wells of 96-well plates. The microtiter plates were incubated at 37°C to let them form confluent monolayers in two days.
Preincubation of pneumococci with RSV. One ml of a suspension of heat-killed, FITC-labeled or unlabeled pneumococci (1 ϫ 10 8 /mL ϭ OD 0.1) was spun at 9,300 ϫ g for 3 min. Supernatant was removed and 400 L undiluted RSV, heat-inactivated RSV (30 min at 56°C), or PBS/BSA 0.5% (controls) was added. These suspensions were incubated for 30 min at 37°C. Subsequently, suspensions were alternately centrifuged and washed with PBS 2ϩ twice. Finally, RSV-pretreated or PBS/BSA-pretreated pneumococci were resuspended in 1 mL PBS 2ϩ /BSA 2.5%. Cytometric fluorescence adherence assay. The assay was adapted from a cytofluor-assay described by Tamura et al. (18) . Medium was removed from monolayers of HEp-2 or A549 cells in 96-tissue culture plates. Depending on the experiment, 50 L of FITC-labeled bacteria or 50 L RSV-pretreated pneumococci were added. To study the effect of heparin, a solution of increasing concentration of sodium heparin (0.1, 1, 10, 100 IE/mL) was added to the monolayers before adding the bacteria. Monolayers were incubated for 30 min at 37°C in a CO 2 incubator. Next the medium was removed and subsequently bacteria were added as described above.
The plates were spun at 160ϫg for 10 min in a plate spinner (IEC centra-3C, International Equipment Company, Milford, USA) to allow the pneumococci to approximate the monolayers. Next, the plates were incubated at 21°C for 30 min. Total fluorescence was measured by using a fluorescence multiwell plate reader (CytoFluor II™, PerSeptive Biosystems Inc., Framingham, MA, USA) with an excitation wave length of 485 nm and an emission filter of 530 nm, gain setting 54, readings per well: 3. Subsequently, the wells were washed four times with PBS 2ϩ to remove unbound bacteria. After the addition of 50 L PBS 2ϩ , final fluorescence was measured. Adherence percentages were calculated by: final/total fluorescence ϫ 100.
Analysis of pneumococcal-RSV interaction by flow-cytometry. During 5 min, a bacterial suspension of unlabeled, heat-killed pneumococci was spun at 9,300 ϫ g. Next, undiluted RSV stock suspension or PBS/BSA 0.5% as a control, were added to the pelleted bacteria in a ratio of 1:2.5. These mixtures were incubated during 30 min at 37°C in a CO 2 incubator. Subsequently, 1.5 mL PBS 2ϩ /BSA 0.5% was added to the suspensions that were alternately centrifuged at 9,300 ϫ g and washed twice. 
Mouse pneumococcal challenge. Mice were anesthetized by a mixture of halothane and oxygen inhalation and exposed to 50 L S. pneumoniae serotype 1 stock inoculum, by intranasal inoculation of the bacterial suspension applied dropwise to the nares. For the experiments in combination with the RSV preand co-infection, concentrations of 3 ϫ 10 5 and 1 ϫ 10 6 CFU/mouse were administered.
Mice inoculation with RSV. Mice were anesthetized as described above, and exposed to 50 L of the RSV stock suspension by intranasal inoculation of the RSV suspension applied dropwise to the nares. The control mice received 50 L sterile saline (i.n.), as described before. RSV treatment was done 4 d before the pneumococcal challenge. In addition, a simultaneous infection of RSV and pneumococci was performed.
Bacteremia evaluation. For detection of bacteremia, blood samples (10 L) were obtained by puncture from the tail vein at time points at 12, 18 and 24 h (h) after pneumococcal challenge. Blood samples were serially diluted 10 1 -to 10 6 fold in sterile saline. Subsequently, 5 L of undiluted blood and 5 L of every dilution were plated onto blood agar plates for life counting of pneumococci (CFU/mL blood).
Statistics. 
RESULTS
Interaction of RSV with S. pneumoniae. RSV particles
bound to all pneumococcal serotypes tested, although to various extents (Fig. 1A) . RSV-pneumococcal complex formation (tested with serotype 19) occurred in a dose-dependent manner, since the percentage of RSV-positive pneumococci increased with the number of RSV incubations with pneumococci (Fig. 1B) .
Pneumococcal cell wall but not capsule is required for binding to RSV. Fig. 2 shows that RSV bound in higher amounts to the unencapsulated mutant DW 3.8 than to the wild-type WU2, indicating that the presence of pneumococcal capsular polysaccharides is not a prerequisite for RSV binding to pneumococci but on the contrary, appears to interfere with RSV-pneumococcal complex formation. In addition, we found that a PspA-negative mutant, JY1123, bound RSV in comparable amounts to its surface as the wild type WU2 did, suggesting that PspA is not likely to be involved in the binding to RSV.
RSV binding to pneumococci is inhibited by heparin. Several recent studies have pointed out that heparin can inhibit the infectivity of RSV, by interacting with RSV-glycoprotein G (19, 20) . We tested whether protein G was involved in RSV binding to pneumococci by incubating RSV particles with heparin before adding pneumococci (serotype 14). Indeed, RSV-pneumococcal complex formation was inhibited in a dose-dependent manner by heparin, suggesting that protein-G plays a role in RSV-pneumococcal binding (Fig. 3) . Adherence of pneumococci to epithelial cells in the absence of RSV was not affected by heparin (data not shown). 
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Adherence of RSV-pretreated pneumococci to uninfected monolayers. Whether RSV-pneumococcal complex formation contributed to pneumococcal adherence to epithelial cells, was investigated by preincubating pneumococcal serotypes 3, 9, 14, 18, 19, and 23 with RSV. Adherence to HEp-2 and A549 monolayers was compared between RSV-pretreated and buffer-treated pneumococci (Fig. 4A and 4B) . Remarkably, pneumococcal adherence was strongly enhanced when pneumococci were pretreated with RSV. These differences were highly statistically significant for all serotypes, independent of the cell-line used. This RSV-enhanced pneumococcal adherence was also found when pneumococci were preincubated with heat-inactivated RSV (data not shown).
Heparin inhibits RSV-enhanced pneumococcal binding to respiratory epithelial cells. RSV attachment to host cells is mediated by protein G, which can be blocked by heparin. To investigate whether binding of RSV-pneumococcal complexes to HEp-2/A549 cells was mediated by RSV glycoproteins, HEp-2/A549 monolayers were pretreated with heparin, before adding RSV-pneumococcal complexes to the cells. A dosedependent inhibition of the adherence of RSV-pneumococcal complexes to heparin treated-HEp-2/A549 cells was detected (Fig. 5A and 5B).
Influence of RSV infection on development of pneumococcal bacteraemia. To determine whether nasal infection with RSV influenced the development of pneumococcal bacteraemia, mice were co-infected with RSV and pneumococci (serotype 1). To this purpose, groups of seven mice were either infected with RSV at day -4 before pneumococcal challenge (day 0) or inoculated with RSV and pneumococci simultaneously.
Mice that were pretreated with RSV 4 d before pneumococcal challenge, showed levels of bacteraemia similar to control animals at 12 and 18 h. However, at 24 h, CFU counts were significantly higher (p ϭ 0.025) (Fig. 6A) .
Infection with both agents simultaneously enhanced the development of pneumococcal bacteraemia most strongly. Within 18 h after inoculation, a significantly higher frequency 
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DIRECT BINDING OF RSV TO PNEUMOCOCCI of bacteraemia (70%) could be detected in the RSV-treated group compared with controls (14%, p ϭ 0.029). In addition, there was a strong increase in blood CFU counts of RSVtreated animals at 18 and 24 h postinfection (p ϭ 0.002 and, p ϭ 0.002, respectively) (Fig. 6B ).
DISCUSSION
In a previous study we have demonstrated that a preceding RSV infection of human respiratory epithelial cells strongly and significantly enhanced pneumococcal adherence (12) .
In the current study, we provided evidence that RSV virions can bind directly to pneumococci. In addition, we showed that the binding of RSV particles to pneumococci could be inhibited by preincubation of RSV with heparin. Heparin decreases RSV infectivity by interacting with the (attachment-) G-protein (21) .
Therefore, it is likely that the enhanced binding of pneumococci to RSV-infected epithelial cells is mediated by the G-protein of RSV.
Our data show that RSV binding to pneumococci is to the cell wall rather than to the polysaccharide capsule. The cell wall consists of teichoic acids and peptidoglycan, the former acting as a binding site for several choline-binding proteins (22) , including pneumococcal surface protein A (PspA). However, our results show that PspA is not likely to be involved in RSV binding to pneumococci, since JY1123, a PspA-negative mutant binds RSV in comparable amounts as the wild-type parent strain WU2. Further study is needed to detect which pneumococcal cell wall-related constituents are involved in binding RSV virions. Interestingly, in a recent paper Okamoto et al. show a similar direct interaction between influenza A virus and group A streptococci (23) . In contrast to our findings they found that the group A streptococcal capsule was a prerequistite for binding.
The adherence of pneumococci to uninfected epithelial cells increased dramatically following complex formation with RSV. For all in vitro assays performed in this study, heat-killed pneumococci were used, to standardize bacterial growth conditions and to prevent autolysis to occur during the experiments. Therefore, it is unlikely that the enhanced pneumococcal adherence is the result of molecular alterations of the pneumococcal surface induced by the interaction with RSV.
In addition, it was found that heat-inactivated RSV particles could equally well enhance pneumococcal adherence to epithelial cells. This indicates that RSV infection of a cell is not an essential step in the enhancement of pneumococcal adherence, but that RSV virions by coupling with pneumococci already strongly enhance pneumococcal attachment. RSVenhanced pneumococcal adherence to uninfected respiratory epithelial cells could be inhibited by heparin. Since heparin has been shown to inhibit RSV attachment to epithelial cells by interacting with the G-protein (19 -21) , we hypothesized that binding of the RSV-pneumococcal complex to the uninfected epithelial cell surface is mediated by RSV protein-G. The importance of these findings in vitro for the pathogenesis of pneumococcal infection was explored in vivo in a murine model.
Our findings in this model clearly demonstrate that mice infected with RSV four days before pneumococcal challenge as well as mice infected with both agents simultaneously not only showed an increased incidence, but also significantly increased levels of bacteremia. A striking finding of the present study was that simultaneous inoculation of RSV and pneumococci enhanced pneumococcal bacteraemia most strongly. It is unlikely that either the RSV-induced cytopathic effect on the epithelium or expression of viral glycoproteins or upregulation of host proteins on the cellular surface contribute to the RSV-enhanced pneumococcal bacteremia when RSV and pneumococci are inoculated simultaneously. Okamoto et al. found that the direct interaction between influenza A virus and group A streptococci induced a lethal respiratory infection in a murine model (23, 24) . Similar findings with respect to a lethal synergism between influenza virus and pneumococci were obtained by Mc. Cullers et al. Specifically, these latter authors report that a preceding influenza infection resulted in a mortality rate of 100% compared with mortality rates of 15% and 35% for pneumococci and influenza virus alone, respectively. The authors speculate that influenza infection triggers inflammatory cytokines and may indirectly up-regulate adhesion molecules on epithelial cells, providing a receptor for bacterial adhesion and invasion. However, the authors also found that simultaneous inoculation with influenza virus and pneumococci produced a increased mortality of 60% and concluded that this was just an additive effect without speculating on the underlying mechanism any further (25) . Together the findings in the present study with RSV and those by Okamoto et al. and McCullers et al. with influenza virus show that bacterial infection may run a more severe and even lethal course after simultaneous inoculation with a respiratory virus. A possible mechanism is suggested by our findings and those of Okamoto et al. in vitro, in which it was shown that viruses can form complexes with bacteria, leading to enhanced bacterial adherence and invasiveness. Apparently, by direct binding to bacteria respiratory viruses are able to act as a coupling agent between bacteria and respiratory epithelial cells. This phenomenon leads to enhanced bacterial adherence without the need for either expression of viral glycoproteins or up-regulation of host cell proteins.
In summary, we showed that S. pneumoniae is able to bind RSV directly. Therefore, it is likely that expression of viral glycoproteins on RSV-infected epithelial cells can serve as attachment molecules for pneumococci. We hypothesize that direct viral-bacterial binding is another, additional mechanism by which RSV can induce enhanced pneumococcal binding, not only to RSV-infected, but also to uninfected epithelial cells.
The findings in vitro were supported by experiments in vivo in a murine model that showed a synergism between RSV and pneumococci resulting in an increased invasiveness of the latter.
We propose that the direct interaction between viruses and bacteria inducing a more severe infection is probably a more general phenomenon in the pathogenesis of respiratory infections than has previously been appreciated.
